Genital malformations are among the most common human birth defects, and both genetic and environmental factors can contribute to these malformations. Development of the external genitalia in mammals relies on complex signaling networks, and disruption of these signaling pathways can lead to genital defects. Islet-1 (ISL1), a member of the LIM/Homeobox family of transcription factors, has been identified as a major susceptibility gene for classic bladder exstrophy in humans, a common form of the bladder exstrophy-epispadias complex (BEEC), and is implicated in a role in urinary tract development. We report that deletion of Isl1 from the genital mesenchyme in mice led to hypoplasia of the genital tubercle and prepuce, with an ectopic urethral opening and epispadias-like phenotype. These mice also developed hydroureter and hydronephrosis. Identification of ISL1 transcriptional targets via ChIP-Seq and expression analyses revealed that Isl1 regulates several important signaling pathways during embryonic genital development, including the BMP, WNT, and FGF cascades. An essential function of Isl1 during development of the external genitalia is to induce Bmp4-mediated apoptosis in the genital mesenchyme. Together, these studies demonstrate that Isl1 plays a critical role during development of the external genitalia and forms the basis for a greater understanding of the molecular mechanisms underlying the pathogenesis of BEEC and urinary tract defects in humans.
Introduction
Malformations of the urogenital tract are among the most common congenital anomalies in humans. Hypospadias, which is characterized by an ectopic urethral meatus on the ventral surface of the penis, is the second most common birth defect in boys and is estimated to affect 1 in every 200-300 live male births (1, 2) . Other rarer genital anomalies, such as those represented within the bladder exstrophy-epispadias complex (BEEC), range from 1 in 117, 000 in males and 1 in 484, 000 in females for the mildest epispadias phenotype, to 1 in 30, 000-50, 000 for the more common classic bladder exstrophy (CBE) (3) (4) (5) . Surgery can help to correct these defects but is frequently unable to completely restore normal function, leading to medical and psychosocial complications (6) (7) (8) . Because the underlying cause of many genital anomalies in human patients remains unknown, an increased understanding of the biological and molecular mechanisms that control urogenital development will be important for improved diagnosis and clinical management.
Recently, Islet-1 (ISL1), a member of the LIM/Homeodomain (LHX) family of transcription factors (9) , was identified as a major susceptibility gene for classic bladder exstrophy in humans. Genome-wide association studies were conducted in cohorts of 110 and 268 CBE patients, revealing that ISL1 resides within the CBE locus (10, 11) . Furthermore, studies in animal models showed that Isl1-expressing cells contribute to several tissues in the urinary tract, and that Isl1 plays a role in its embryonic development (11) . Isl1 is involved in the regulation of many cell types and organs, and its importance in development was demonstrated by early lethality (E9.5) of embryos lacking Isl1 (12) . Isl1 has numerous roles that include the control of motor neuron and interneuron specification (12) as well as development of the pituitary (13) , pancreas (14) , heart (15) , and hindlimb (16, 17) . In addition, removal of Isl1 from the mesenchyme surrounding the ureteric bud results in ectopic budding and abnormal formation of the bladder-ureter connection (18) .
Lineage tracing using an inducible Isl1Cre allele showed that Isl1-expressing cells also contribute to the dorsal genital tubercle (GT), the anlage to the external genitalia, although in situ hybridization shows a broader pattern of expression in the embryonic GT (11, 19) . Expression of Isl1 in the genital mesenchyme, together with previous reports of urogenital abnormalities in Isl1 mutant mice (11, 18) , led us to investigate the role of Isl1 during embryonic development of the external genitalia. We found that Isl1 is required for proper embryonic GT development and present evidence that ISL1 directly regulates factors that are critical for GT formation, including Bmp4, Fgf10, and Wnt5a. Our results indicate that a critical function of Isl1 is to regulate BMP4-mediated apoptosis in the mesenchymal compartment.
Results

Isl1 shows dynamic patterns of expression in the developing external genitalia
We first assessed Isl1 mRNA transcript expression and protein localization during urogenital development to identify regions of ISL1 activity. In situ hybridization (ISH) detection of Isl1 revealed that Isl1 mRNA was expressed throughout the developing GT mesenchyme at E12.5 and E14.5, but expression was significantly reduced by E16.5 ( Fig. 1A-C) . Isl1 transcripts were also detected in the mesenchyme surrounding the distal region of the urogenital sinus at E12.5 and E14.5. The peak of Isl1 expression appeared to be at E14.5. At E16.5, Isl1 expression was restricted to a mesenchymal domain at the distal tip of the GT, although low levels of Isl1 persisted in the mesenchyme flanking the urethra. Expression of Isl1 was also detected at low levels in the urethral plate epithelium at E12.5 and E14.5, but not at E16. 5 . Immunohistochemical detection of ISL1 protein revealed that its distribution in the developing genitalia closely reflected mRNA localization. At E12.5, ISL1 was found in the distal genital mesenchyme, as well as in the distal urethral plate epithelium. In the E14.5 GT, ISL1 was found throughout the distal GT mesenchyme, but was detected at substantially lower levels in the urethral plate epithelium. ISL1 protein was completely absent from the overlying ectoderm-derived GT epithelium ( Fig. 1D-F 0 ). This analysis of Isl1 expression and localization pointed to the mesenchyme as the principal region for ISL1 activity during embryonic GT development, and the strong expression of Isl1 at E12.5 and E14.5 suggests that this is the developmental window during which Isl1 acts.
Deletion of Isl1 from the genital mesenchyme causes abnormal development of the external genitalia
We next performed tissue-specific deletion of Isl1 to test whether its absence in the GT mesenchyme would lead to aberrant development of the external genitalia. The Tbx4Cre Tg allele is robustly expressed in the hindlimb and pericloacal mesenchyme beginning early in embryogenesis (20 ; Isl1 fl/fl pups, failure to drain urine into the bladder led to abnormally enlarged kidneys (hydronephrosis) and ureters (hydroureter) ( Fig. 2A and B) . Effects of Isl1 deletion on kidney and ureter development were consistent with the defects previously described when Isl1 was deleted from the pericloacal mesenchyme using the Hoxb6Cre allele (18) . In addition to the defects in the urinary tract, the external genitalia of Isl1 mutants were hypoplastic ( Fig. 2C and D) . Histological analysis showed that the prepuce incompletely surrounded the dorsal aspect of the GT and failed to separate from the GT along the ventral midline. Moreover, the mesenchymal condensations within the GT were absent. Formation of the internal urethra in Tbx4Cre Tg ; Isl1 fl/fl mice did not appear to be adversely affected ( Fig. 2E and F) . Tbx4Cre
Tg ; Isl1 fl/fl mice survived until early adulthood but were consistently smaller than control littermates (not shown). Abnormal retention of urine in both the kidneys and ureters caused both structures to expand to several times their normal size ( Fig. 2G and H, blue arrows). In comparison to newborn pups, the defects in the external genitalia were more pronounced in early adults. In males, a bifid prepuce normally covers the penile body, but in Tbx4Cre Tg ; Isl1 fl/fl mice, the penile body was significantly shorter, altered in structure, and only partially covered on the ventral surface by the prepuce (Fig. 2I and J). Gross examination of control and mutant external genitalia showed that a number of features found in the normal penis were absent in Tbx4Cre
Tg ; Isl1 fl/fl mice. Most notably, the bifid prepuce, cartilaginous male urogenital mating protuberance (MUMP), MUMP ridge, and urethral flaps were either deformed (prepuce) or completely absent (MUMP, MUMP ridge, urethral flaps) (21) (22) (23) . Histological examination of the penis at this stage revealed that in Tbx4Cre
Tg ; Isl1 fl/fl mice, the penis lacked both a well-defined corpus cavernosum glandis and keratinized penile spines at the surface epithelium surrounding the glans (Fig. 2K and L, insets). In addition, the prepuce remained tethered to the ventral side of the GT in Tbx4Cre Micro-CT was used to obtain a 3-dimensional image of the penile body, distal prepuce, and os penis in adult males ( Fig. 2M-P) . In early adult Tbx4Cre
Tg ; Isl1 fl/fl males, the penile body was hypoplastic and the prepuce failed to cover the dorsal aspect of the distal penis, resembling an epispadias-like phenotype ( Fig. 2M and N) . The os penis in Tbx4Cre Tg ; Isl1 fl/fl mice was significantly shorter than controls and did not expand toward the proximal end ( Fig. 2O and P) . Taken together, these data demonstrate that Isl1 expression in the pericloacal and genital mesenchyme is required for proper urogenital formation. We used scanning electron microscopy and histology to determine the stage at which the effects of Isl1 deletion on embryonic development could first be observed. At E12.5, although Tbx4Cre Tg ; Isl1 fl/fl GTs were reduced in size, the overall structure did not appear to be significantly altered compared with controls, suggesting that Isl1 is not critical for GT initiation, but may play a role in early GT outgrowth and morphogenesis ( Fig. 3A and B) . By E14.5, Tbx4Cre Tg ; Isl1 fl/fl GTs were noticeably hypoplastic and showed several defects, including an enlarged proximal urethral opening on the ventral GT and reduced preputial swellings ( Fig. 3C and D) . By E16.5, both the prepuce and GT in Isl1 mutants had developed, but these remained hypoplastic compared with controls ( Fig. 3E and F) . Histological analysis of mutant GTs at each stage also revealed that the volume of the dorsal mesenchyme was consistently reduced compared with controls ( Fig. 3G-L ; black asterisks). These data suggest that while Isl1 is not essential for initiating GT outgrowth from the paired genital swellings around E10.5, it is necessary for normal GT and preputial development shortly thereafter.
ISL1 regulates expression of Bmp4, Wnt5a and Fgf10 in the genital mesenchyme
To investigate the full complement of genes that are directly under the transcriptional control of ISL1 in the embryonic GT, we performed chromatin immunoprecipitation-sequencing (ChIP-Seq) against ISL1 in the E14.5 GT. ISL1 ChIP-Seq detected 7, 054 peaks, predominantly in intergenic and intronic regions (Fig. 4A ). The majority of these binding sites are located more than 5 kb from the closest annotated transcriptional start site (TSS), with nearly one third of the binding sites more than 50kb away from the nearest TSS (Fig. 4B) . A de novo motif search using HOMER demonstrated that GT ISL1 ChIP-Seq peaks are enriched for a motif that matches the consensus sequence bound by ISL1 in other tissues [ Fig. 4C and D; (24) and (25)].
In a recent analysis of appendage cis-regulatory activity, we identified over 1, 400 GT-specific enhancers. Sequence analyses revealed that these GT enhancers are enriched for a DNA motif that closely matches the ISL1 binding consensus (26) . To directly test whether ISL1 binding events are enriched at GT enhancers, we examined the overlap between E14.5 GT ISL1 ChIP-Seq peaks and the location of GT-specific enhancers, as well as other classes of tissue-specific enhancers identified from mouse ENCODE datasets. We found that ISL1 binding sites are strongly enriched on GT enhancers (P ¼ 7.87Â10 À105 , Fisher's exact test) compared with enhancers that function in other tissues (Fig. 4E) . Similarly, ISL1 binding sites are also enriched on Limb-GT enhancers (P ¼ 3.63Â10
À68
), a class of enhancers that are active in both the genitalia and the limbs. Further analysis of the location of ISL1 peaks revealed a strong association with genes implicated in limb and urogenital development (Fig. 4F ). Given the enrichment of ISL1 peaks near urogenital genes, we examined ISL1 ChIP-Seq signal at genes that are known to play a role in GT development. This analysis revealed multiple significant ISL1 peaks in the intergenic region surrounding Bmp4, suggesting that Bmp4 is directly regulated by ISL1 (Fig. 5A ). In addition, ISL1 ChIP-Seq signal was found associated with Fgf10 and Wnt5a, two genes that have previously been implicated in development of the external genitalia (27, 28) . ISL1 ChIP-Seq signal was observed in the intron of Fgf10, as well as in upstream and downstream regions that flank this gene. Multiple ISL1 peaks were also found in the large intergenic region located downstream of Wnt5a (Fig. 5A) . Notably, all of these ISL1 ChIP-Seq peaks occur in regions that are also marked by H3K27ac, a histone modification that is enriched on active cis-regulatory elements. To determine whether ISL1 binding occurs near Bmp4, Fgf10, and Wnt5a earlier in development, we also performed ISL1 ChIP-Seq on E12.5 GTs. We found that the pattern of ISL1 binding around these loci is extremely similar at E12.5 and E14. male GTs showed that expression of Bmp4, Fgf10, and Wnt5a were significantly reduced, strongly suggesting that ISL1 directly regulates expression of all three genes in the mesenchyme of the developing GT ( Fig. 5B-G) . Thus, our data indicate that ISL1 may influence GT development through the BMP, WNT and FGF signaling pathways.
BMP4-mediated apoptosis is altered in Tbx4Cre
Tg ;
Isl1 fl/fl GTs
The BMP signaling pathway is a critical regulator of apoptosis in the GT (29) . During the earliest stages of genital development, Bmp4 expression is detected adjacent to the cloacal plate. By E11.5, Bmp4 is expressed primarily in the GT mesenchyme flanking the urethral epithelium (30) . Our in situ hybridization results showed that Bmp4 expression along the dorsal GT was reduced in Tbx4Cre Tg ; Isl1 fl/fl mice at E14.5, suggesting that changes in Bmp4 expression or BMP4-mediated cell death might contribute to the observed morphological GT defects. This led us to investigate whether reduced Bmp4 expression at E14.5 altered the number of apoptotic cells or the pattern of cell death in the GT mesenchyme. LysoTracker and TUNEL staining were used to examine whether reduced Bmp4 expression in the GT mesenchyme of Tbx4Cre
Tg ; Isl1 fl/fl mice was correlated with fewer cells undergoing apoptosis. LysoTracker detection of lysosomal activity, which is closely correlated with apoptosis (31), was used to identify regions of the GT in which cells were undergoing programmed cell death. Staining of E12.5 GTs from control and mutant mice revealed a high amount of apoptotic activity in the distal tip of the GT and along the urethral seam near the base of the GT (Fig. 6A and B, yellow arrowheads). Detection of apoptotic cells by TUNEL stain on E12.5 GT sections showed that the apoptotic cells in the distal GT were largely found in the mesenchyme, whereas the apoptotic cells in the proximal urethral seam were primarily restricted to the epithelium ( Fig. 6C and D, white arrows). There were no observable differences between control and Isl1 mutant GTs in the number and density of apoptotic cells at E12.5. Analysis of E14.5 mutant GTs showed that while the number of apoptotic cells at the distal GT appeared to remain constant, the localization of apoptotic cells surrounding the proximal urethral opening was altered. In control GTs at E14.5, apoptotic cells completely surrounded the opening, whereas apoptotic cells were only detected along the most proximal borders of the enlarged urethral opening in Isl1 mutant GTs (Fig. 6E and F, yellow arrowheads). Strikingly, there was also a marked reduction in apoptosis in the GT mesenchyme of Tbx4Cre
Tg ; Isl1 fl/fl mice at E14.5. In normal GTs, a dense track of apoptotic cells was detected in the dorsal GT mesenchyme, extending into the bladder mesenchyme (Fig. 6G , white arrows). In addition, a cluster of apoptotic cells was found in the distal region of the dorsal GT mesenchyme (Fig. 6G, 6H, inset and 6K ). Given the significant reduction in mesenchymal volume observed in the distal region of the dorsal GT, we expected that the number of apoptotic cells in the mesenchyme would be increased, and we explored this further by evaluating the molecular mechanisms regulating apoptosis in the GT. BMP4 signaling is mediated by phosphorylation of intracellular SMAD signal transduction proteins (32) . Therefore, we assessed BMP4 signaling activity in the GT via detection of phosphorylated SMAD proteins (phospho-SMAD1/SMAD5/ SMAD8; pSMAD1/5/8). Concordant with a reduction in apoptosis, we found that pSMAD1/5/8 were also reduced in the GT mesenchyme at E14.5, suggesting that decreased apoptosis observed in Tbx4Cre Uptake of either EdU or BrdU was used to assay levels of cell proliferation in control and mutant GTs to determine whether changes in Bmp4, Fgf10, or Wnt5a expression altered the number of dividing cells in the GT mesenchyme. The mitotic index was determined by calculating the ratio of EdU/BrdU-positive to DAPI-positive nuclei. Interestingly, no significant changes in cell proliferation between control and mutant GTs were evident at either E12.5 or E14.5 (Supplementary Material, Fig. S3 ), suggesting that Isl1 primarily acts on cell death as opposed to proliferation in the GT mesenchyme.
Discussion
Through conditional deletion of Isl1 in the embryonic GT mesenchyme, we found that Isl1 is essential for normal development of the external genitalia. Isl1 is expressed in the mesenchyme of several tissues during embryogenesis, where it functions as an important transcriptional regulator of a number of signaling pathways. In humans, ISL1 is expressed in the cardiac mesenchyme of the developing outflow tract during embryogenesis, where it acts by directly binding to and driving expression of FGF10 (33). Chromatin immunoprecipitation revealed that while ISL1 binds to an enhancer in intron 1 of human FGF10 in the heart, equivalent binding was not observed in the hindlimb, suggesting that ISL1 may bind to a different FGF10 enhancer in the hindlimb, or that ISL1 acts through a different molecular mechanism in the developing hindlimb (33) . In mice, it was subsequently shown that ISL1 regulates the morphoregulatory network upstream of Hand2 and Shh during establishment of the posterior hindlimb field (34) . Finally, in the developing mouse kidney, Isl1 is expressed in the mesenchyme surrounding the ureteric bud. Deletion of Isl1 from the metanephric mesenchyme results in ectopic ureteric bud branching, abnormal ureterovesical junctions, and a reduction in Bmp4 expression (18) . Our findings show that in the developing GT, ISL1 regulates expression of several key signaling molecules including Fgf10, Wnt5a, and Bmp4.
Interaction between Isl1 and BMP signaling has been demonstrated in the context of several other developing tissues as well. During embryonic patterning of the mouse dentition, both Isl1 and Bmp4 are expressed in the oral epithelium, where they act in a positive regulatory loop. Misexpression of Isl1 in the proximal mandible epithelium resulted in ectopic Bmp4 expression, whereas suppression of Isl1 expression using morpholino antisense oligonucleotides led to downregulation of Bmp4 expression (35) . ISL1 marks progenitor cells that contribute to the majority of cells in the developing heart as well as the hindlimb. Deletion of the type 1 Bmp receptor Bmpr1a from cardiac progenitor cells using an Isl1Cre allele led to significant defects in the outflow tract and right ventricle, whereas in the hindlimb, removal of Bmpr1a produced both smaller hindlimbs and ectopic outgrowths (36) . Together, these data show that Isl1-expressing cells are not only responsible for production of BMP4, but are themselves sensitive to the morphogenetic signal of BMP4. Our data showed that during GT morphogenesis, ISL1 acts in the mesenchyme by influencing expression of Bmp4, similar to its function in the metanephric mesenchyme.
Several studies have demonstrated that SHH released from the urethral plate epithelium modulates Bmp4 expression in the GT mesenchyme (30, (37) (38) (39) . Whereas the majority of the data suggest that Shh acts to promote transcription of Bmp4 in the GT mesenchyme, other studies have shown that Shh may act to suppress BMP signaling. Two studies showed that Bmp4 expression is downregulated in the context of deletion of Shh from the GT (30, 37) . In addition, Bmp4 expression was increased in the presence of exogenous SHH protein (38) . However, a tamoxifeninducible Shh conditional knockout mouse model showed that following ablation of Shh in the GT, Bmp4 expression was increased in the distal GT (39) . Together, these studies underscore the importance of both temporal and spatial control of signaling pathways during embryonic GT development. All three members of the Gli family of proteins, which act as mediators of SHH signaling, are expressed in the GT mesenchyme during embryonic development, but Gli2 was shown to be the primary downstream mediator of SHH signaling during masculinization of the GT (38, 40) . Whether GLI2 directly binds to and regulates expression of Bmp4 in the GT mesenchyme will be an important question to answer in order to understand the transcriptional mechanisms that contribute to normal development of the GT mesenchyme. Our ChIP-Seq data show that ISL1 is another important regulator of Bmp4, but additional work will be needed to determine the relative importance of specific ISL1 binding sites to different enhancer elements of Bmp4. In addition, further studies are needed to examine how ISL1 and SHH functions are integrated to control Bmp4 expression.
ISL1 signaling in the embryonic GT plays a role in the spatiotemporal regulation of apoptosis. We observed reduced Bmp4 expression in the GT mesenchyme in Tbx4Cre
Tg ; Isl1 fl/fl male GTs, and we showed that decreased BMP signaling in the mesenchyme of Tbx4Cre
Tg ; Isl1 fl/fl male GTs was associated with fewer apoptotic cells. Insights into how apoptosis shapes the overall structure of the GT during organogenesis have been provided by studies in both mice and avians. In mice, Bmp4 and Bmp7 are expressed in the GT during embryogenesis, and exposure of GT organ cultures to either protein promotes cell death, whereas exposure of the organ cultures to the BMP antagonist noggin (NOG) inhibited the number of cells undergoing apoptosis (29) . Expression of Bmpr1a is detected throughout the epithelium and mesenchyme of the GT, suggesting that cells in both compartments are capable of responding to BMP4 produced in the mesenchyme (41) . Deletion of Bmpr1a from the GT surface ectoderm and epithelium adjacent to the distal urethral epithelium (DUE) using a Brn4-Cre allele enhanced outgrowth of the GT. This was attributed to reduced apoptosis in the distal GT mesenchyme, which was an indirect effect of Fgf8 downregulation in the DUE (29) . However, loss of BMP signaling in the DUE or the mesenchyme was not explored. In avian species, levels of Bmp4 expression and apoptosis appear to be correlated with the presence of an intromittent phallus. Avian species that have retained an intromittent phallus show reduced Bmp4 expression and reduced cell death in the distal GT, while Bmp4 expression was elevated and increased cell death was detected in a divergent clade of avian species lacking an intromittent phallus (42) . These studies suggested that changes in BMP4-mediated apoptosis during evolution affected the morphology of the external genitalia in avians. Taking into consideration that similar patterns of Bmp4 expression and apoptosis have been described in the mouse GT, cell death has been presumed to perform an analogous function in the shaping of mammalian external genitalia as well (42) . Our results show that BMP4-mediated apoptosis in the GT mesenchyme is partially controlled by ISL1. It should be noted that reduced cell death in Isl1 mutant GTs was only observed in the mesenchyme, while apoptosis at the distal tip of the GT and surrounding the proximal urethral opening appeared relatively unaffected. This suggests that apoptosis in the epithelial and mesenchymal compartments of the GT is independently controlled. While programmed cell death has traditionally been seen as a means to eliminate unnecessary cells (e.g. during digit individualization or degeneration of the Wolffian and Mü llerian ducts) [reviewed in (43) ], it can also be important in removing morphogen-producing cells that affect the patterning of the surrounding tissue. For example, during normal brain development, the anterior neural ridge (ANR) acts as a signaling center by secreting a number of morphogens including FGF8. In apoptosis-deficient Apaf-1 -/-mice, these Fgf8-expressing cells are not removed and continue to release FGF8 into the surrounding telencephalon. Persistence of these cells results in neural tube closure defects as well as failure of the ventricles to expand (44) . Similarly, apoptosis is responsible for silencing gene expression during mouse odontogenesis by removing the enamel knot, an important signaling center regulating tooth development (45) . In Isl1 mutant GTs, it is possible that reduced apoptosis in the mesenchyme disrupts the signaling pathways necessary for normal mesenchymal expansion, thereby causing GT hypoplasia. In females, opening of the vaginal canal is an apoptosis-dependent process. Several mouse models of reduced apoptosis exhibit vaginal atresia, imperforate vagina, and hydrometrocolpos (46) (47) (48) . Apoptosis in the postnatal female mouse vaginal epithelium is driven by an estrogen-dependent proteolytic cleavage of semaphorin 4D (Sema4D) (49) . We found that Tbx4Cre
Tg ; Isl1 fl/fl female mice phenocopied the apoptosisdeficient mouse models. These data support a role for Isl1 in regulating apoptosis not only in the developing GT mesenchyme, but within the postnatal vaginal epithelium as well.
Characterization of the molecular features of these cells and the signaling molecules that induce apoptosis in them will generate valuable insight into how the overall structure of the male and female external genitalia are remodeled.
Our ChIP-Seq data show that ISL1 also directly binds to both Fgf10 and Wnt5a, two genes that are important for GT development. WNT signaling plays a prominent role in genital formation, and several Wnt genes are expressed in the endodermal, mesenchymal, and ectodermal tissues that compose the external genitalia (50) . Targeted deletion of b-catenin in the mouse embryonic GT resulted in dysmorphic and hypoplastic GTs and a reduction in proliferating cells in the mutant mesenchyme (50) . GT hypoplasia and reduced cell proliferation have also been reported in Wnt5a -/-mice, although variability of the genital phenotype ranges from complete genital agenesis to a mild reduction in size (29, 51) . Together, these data showed that WNT signaling in the GT mesenchyme is primarily responsible for regulation of cell proliferation. Loss of Fgf10 in the embryonic GT leads to defective urethral closure and GT hypoplasia (27, 52) . However, levels of cell proliferation were not measured in these Fgf10 -/-mice, nor was there any description of overall changes in the size of the GT. Surprisingly, we did not find significant changes in the number of proliferating cells in the GT mesenchyme of Isl1 mutants. It remains a possibility that due to the abundance of proliferating cells throughout the developing embryo, subtle differences in GT cell proliferation were not captured in our analyses. Therefore, a more detailed investigation into the levels of proliferation in the GT will be needed to definitively conclude that reduced expression of both Fgf10 and Wnt5a in Tbx4Cre Tg ; Isl1 fl/fl GTs did not result in lower levels of cell proliferation. Regulation of Wnt5a expression and WNT signaling in the GT mesenchyme has been attributed to several molecular mechanisms such as androgen receptor signaling, SHH secreted by the DUE, or endodermal WNT-b-catenin signaling (30, 39, 50, 53, 54) . Downregulation of Wnt5a expression in response to exogenous BMP4 also suggested that both activating and inhibitory mechanisms are responsible for modulating levels of WNT signaling in the developing GT (29) . The regulatory mechanisms that control Isl1 expression in the GT have yet to be revealed, but studies in hindlimb initiation and cardiac progenitor development showed that b-catenin can act as an upstream transcriptional regulator of Isl1 expression (16, 55, 56) . Moreover, during hindlimb initiation, both ISL1 and b-catenin regulate proliferation of hindlimb progenitors via a feedback loop involving Fgf10 and Fgf8 (16). Our findings suggest that in the mesenchyme of the developing external genitalia, Isl1 occupies a regulatory node with high connectivity to several signaling cascades. Therefore, a focal point for future studies will be to determine whether a similar WNT-Isl1-Fgf10 regulatory mechanism is also employed during GT formation, and whether additional signaling pathways contribute to the expansion and maintenance of the GT mesenchyme. Moreover, the downstream cellular processes that are altered due to Fgf10 and Wnt5a misexpression in Isl1 mutants have yet to be fully understood.
Interestingly, despite the identification of ISL1 as a major susceptibility gene for CBE (10,11), we did not observe any evidence of bladder exstrophy in our mutants. Rather, the defects in the external genitalia that we observed in Isl1 mutant mice were consistent with hypospadias or epispadias, another component phenotype of BEEC. Various theories have been proposed to explain the pathogenesis of BEEC, including premature rupture of the cloacal membrane, lack of mesodermal ingrowth during abdominal wall development, changes in cellular functions, and abnormal cell-cell interactions (57) (58) (59) (60) (61) (62) . We observed defects in both the prepuce and GT of Isl1 mutants. Although epispadias has traditionally been viewed as a result of abnormal development of the cloacal membrane, our data raise the intriguing possibility that the GT mesenchyme also directly interacts with the overlying GT ectoderm to direct preputial fusion along the dorsal surface. Epithelial-mesenchymal signaling between the GT mesenchyme and urethral epithelium have been well-characterized (27, 29, 38, 41) , but further studies will be needed to determine the molecular pathways that are acting along the dorsal-ventral axis of the GT and how the dorsal GT influences the organization of the GT ectoderm and dorsal prepuce.
Our present study shows that Isl1 is an important regulator of embryonic urinary tract development. In addition to the significant association with CBE that has been previously reported, the phenotypic defects we observe in Isl1 mutant external genitalia suggest that ISL1 is a strong candidate for mutational screening in patients with BEEC and other idiopathic genital abnormalities. Surgical repair of both hypospadias and BEEC defects are often associated with complications such as urethral fistulas and wound dehiscence, which require further medical intervention. Therefore, a deeper understanding of the pathoetiology of these conditions will improve diagnosis, management, and outcomes in patients with these malformations.
Materials and Methods
Mouse maintenance and treatment
All mouse studies were carried out under approved protocols in strict accordance with the policies and procedures established by the University of California, San Francisco (UCSF) and University of Georgia (UGA) Institutional Animal Care and Use Committees (UCSF protocol AN084146; UGA protocol A2014 06-019). Mice were maintained in temperature-controlled facilities with access to food and water ad libitum. Tbx4Cre and Isl1 fl/fl were previously described (20, 63) . Conditional knockout of Isl1 in the genital mesenchyme of the developing embryo was achieved by crossing female Isl1 fl/fl mice with male Tbx4Cre
Tg/Tg ; Isl1 fl/þ mice. To generate embryos at specific timepoints, adult mice were mated overnight and females were checked for a vaginal plug in the morning. The presence of a vaginal plug was designated E0.5. To label proliferating cells in embryos, pregnant female mice were administered a 100 ml dose of BrdU or EdU in phosphate buffered saline (PBS) (10 mg/ml) via intraperitoneal injection. Embryos were then collected 1 h after injection.
Scanning electron microscopy
Embryonic GTs were dissected and fixed overnight in 4% PFA at 4 C. Tissue was then fixed in 0.1 M sodium cacodylate buffer, 1% osmium tetroxide in 0.1 M sodium cacodylate, and dehydrated for scanning electron microscopy (SEM). Specimens were dried in a Tousimis AutoSamdri 815 Critical Point Dryer (Tousimis, Rockville, MD) and scanning electron micrographs were obtained using a Hitachi TM-1000 scanning electron microscope (Hitachi, Schaumberg, IL). All SEM was performed at the University of California, Berkeley Electron Microscope Lab. Four embryos of each genotype at each timepoint were analysed.
Histology
At least four embryonic and adult tissue samples from each genotype were collected by dissection and fixed in 4% paraformaldehyde (PFA) overnight at 4 C. After fixation, embryos were washed in PBS, processed through an ethanol series, and dehydrated in xylene. The penis and prepuce from adult male mice were decalcified in 0.5M EDTA for 2 days at room temperature before being processed for paraffin embedding. 7 mm paraffinembedded tissue sections were prepared using a Microm HM325 microtome and dried overnight on a slide warmer. Hematoxylin and eosin staining was performed using standard protocols. Stained slides were mounted with Permount and images were acquired in Leica Application Suite using a Leica DM5000B upright microscope.
In situ hybridization and immunohistochemistry
Three embryos of each genotype were collected and fixed in 4% paraformaldehyde overnight at 4 C, immersed in 30% sucrose in PBS overnight at 4 C, and embedded in O.C.T. compound (Sakura Finetek, Torrance, CA). 10 mm frozen sections were cut using a Microm 550 cryostat and hybridized to DIG-labeled RNA probes for in situ detection of RNA transcripts. Sections were treated with 10 mg/ml of proteinase K and acetylated prior to hybridization with probe. DIG-labeled RNA probes were synthesized from plasmids containing full-length cDNA or fragments of Isl1, Fgf10, Bmp4, and Wnt5a. Cell proliferation was assessed using immunohistochemical detection of BrdU on paraffin sections using a rat monoclonal antibody specific for BrdU (Abcam, Cambridge, MA; ab6326, 1: 1000). Slides were treated with 0.2N HCl in water prior to applying antibody, and positive cells were visualized by diaminobenzidine (DAB) staining after incubation with an HRP-conjugated secondary antibody. For double labeling of apoptosis and proliferation, the Click-iT EdU Alexa Fluor 488 Imaging Kit (ThermoFisher Scientific, Grand Island, NY) was used following the manufacturer protocol. The proportion of proliferating cells in the GT mesenchyme was determined by dividing the image into uniform grids and manually counting BrdU/EdU-positive and BrdU/EdUnegative cells in mesenchymal regions using Fiji imaging software (https://fiji.sc; date last accessed November 4, 2017) (64) . A minimum of two sections from at least three independent tissue samples at each timepoint were analysed to determine the proportion of proliferating cells. ISL1 (Developmental Studies Hybridoma Bank, Iowa City, IA; 39.4D5, 1: 500) and phosphorylated Smad1/5/8 (EMD Millipore, Billerica, MA; AB3848, 1: 500) were detected by immunohistochemistry using standard protocols.
3-D reconstruction of genitalia using micro-CT (mCT)
3-D reconstructions of the genitalia were generated using mCT. The penis and prepuce were removed from 6-week old male mice and fixed overnight in 4% PFA. Following fixation, tissue was dehydrated through an ethanol series and stored in 70% ethanol. Tissues were then soaked in iodine solution (1%) overnight to differentially stain soft tissues for mCT visualization (65) . Samples were scanned using a micro-focused X-ray tomographic system (MicroXCT-200, Zeiss, Pleasanton, CA), at 60 kV and 133 mA. 1200 projection images at an exposure time of 2 s with a linear magnification of 4X were taken. The final pixel size was 4.4 mm. The volume was reconstructed using a back projection filtered algorithm (Zeiss, Pleasanton, CA). Following reconstruction, tissues were manually segmented and rendered as 3-D surfaces using Drishti V2 Volume Exploration software (http://sf.anu.edu.au/Vizlab/ drishti; date last accessed November 4, 2017).
ISL1 chromatin immunoprecipitation-sequencing (ChIP-seq)
Tissues for chromatin immunoprecipitation-sequencing (ChIPSeq) were collected from timed matings of CD1 mice (Charles River). GTs were isolated from E14.5 and E12.5 embryos and cross-linked at room temperature in 1% formaldehyde in PBS for 20 min. After crosslinking, tissues were rinsed and treated with trypsin for 5 min to generate a single cell suspension. Samples were then gently sonicated with a Branson 450 Sonifier (at low amplitude for 30 s, 100% duty cycle) to create a uniform homogenate. The homogenates were sheared in a Bioruptor set to high for 15 cycles (30 s on, 30 s rest) to generate a chromatin size range of 150-400bp. PureProteome TM Protein G Magnetic Beads (Millipore) were pre-incubated with 5 lg anti-ISL1 rabbit monoclonal antibody (Abcam #EP4182), and the beads were incubated overnight with 500 lg of the sheared GT chromatin. After washing, immune complexes were eluted from the beads, and protein-DNA crosslinks were reversed by incubating at 65 C overnight.
After treatment with RNase followed by Proteinase K, samples were purified over MicroChIP DiaPure columns (Diagenode, Inc. November 4, 2017) . Reads were aligned to the mouse genome (mm10) using bowtie2 (v2.2.6) (67) with the options "-end-to-end -very-sensitive". Aligned reads were then used to identify enriched regions (peaks) by comparing the signal in the ChIP library to the input chromatin control library for each replicate using MACS2 (v2.1.0.20150731) (68) with a q-value cutoff of 0.01. To generate a consensus peak list, peaks identified in each replicate were merged using BEDTOOLS (v2.24.0) and only enriched regions present in both samples were kept. De novo enriched motifs were identified in each replicate and in the merged dataset using the HOMER command findMotifsGenome.pl with the option "-size 50" to identify centrally enriched motifs. Regions in the merged dataset were associated with gene annotations using GREAT (69) . Regions were annotated further in R (https://www.rproject.org; date last accessed November 4, 2017) using the rtracklayer (70) and GenomicRanges (71) packages and the Ensembl mm10 gene annotation (v82) (72) . ISL1 ChIP-Seq data has been deposited at the Gene Expression Omnibus (GSE91082). Mouse H3K27ac ChIP-Seq alignments for two replicates each of 16 adult and embryonic tissues were downloaded from the ENCODE project website (73) . Regions of significant enrichment were determined using MACS2 with the default parameters. For each replicate, significantly enriched regions within 1 kb were merged into a single region using BEDTools. Enriched regions from each tissue replicate were then combined by merging regions with a minimum overlap of 1bp. Putative enhancers were identified from the merged tissue replicates by excluding enriched regions that overlapped promoters and exons based on the UCSC genome browser Known Gene dataset (74) .
Putative enhancer regions from all 16 mouse tissues were combined by merging regions with a minimum overlap of 1bp. The R package Rsubread was used to count the number of aligned reads from both replicates that overlapped regions in the combined enhancer list (75) . Reads per kilobase of transcript per million mapped reads (RPKM) values were calculated from the read counts in R using the edgeR package (76). These RPKM values were then normalized based on the multi-IP normalization output across all tissue datasets calculated by CHANCE (77) . These values were then transformed into a matrix with rows as putative enhancer regions and columns as normalized RPKM for each tissue type. For each row, the data were standardized further by subtracting the mean and then dividing by the standard deviation for each value. Putative enhancer regions were then grouped based on similar H3K27ac signal profiles using k-means clustering into tissuespecific categories. Coordinates for putative enhancers from embryonic heart, embryonic brain, and embryonic liver were converted to genome version mm10 using the UCSC liftOver tool (74) .
Detection of programmed cell death
To label populations of cells undergoing programmed cell death, six E12.5 and E14.5 embryos of each genotype were incubated in 5 mM LysoTracker Red DND-99 (Thermo Fisher Scientific, Waltham, MA) diluted in PBS for 45 min at 37 C, then fixed overnight in 4% PFA at 4 C. Fixed embryos stained with LysoTracker were then processed through a series of methanol washes and stored in 100% methanol. Whole-mount imaging of embryos stained with LysoTracker was performed on a Leica MZ16F dissecting microscope.
To identify cells undergoing apoptosis in tissue sections, TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) staining was performed on 7 mm paraffin sections of four embryos of each genotype using the in situ Cell Death Detection Kit (Roche, Indianapolis, IN). Enzymatic labeling solution containing TMR-dUTP was applied to prepared tissue sections encircled with a PAP Pen (Ted Pella, Inc., Redding, CA) and incubated at 37 C for 60 min. Sections were then counterstained with DAPI and mounted with ProLong Gold Antifade Mountant (Thermo Fisher Scientific, Waltham, MA). Imaging of TUNEL-stained tissue sections was performed on a Leica DM5000B upright microscope. Quantification of TUNEL-positive cells was determined by cell-counting in defined regions of the dorsal GT mesenchyme using Fiji.
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